The electromagnetic dipole response of 138 Ba was measured up to 6.7 MeV excitation energy in a photon scattering experiment. Two Euroball Cluster detectors were used to detect the scattered photons under 94 and 132 degrees. The Cluster at 94 degrees served as a Compton polarimeter. The total observed dipole cross section is in good agreement with previous tagged photon data, but in the present experiment the transition strength and the electric character of most of the transitions has been determined on a state-by-state basis. The data show a concentration of E1 strength around 6 MeV. For one of the strongest excitations M 1 character is suggested. The results of model calculations using the quasiparticle phonon model ͑QPM͒ agree with the observed electric dipole strength distribution. ͓S0556-2813͑99͒51311-3͔ PACS number͑s͒: 21.10. Hw, 23.20.Js, 25.20.Dc, 27.60.ϩj The electric dipole response provides a particularly sensitive probe of the structure of nuclei. Due to the repulsive nature of the particle-hole ͑p-h͒ interaction, the E1 strength is concentrated at high excitation energies of about 10Ϫ15 MeV forming the collective giant dipole resonance ͑GDR͒, see, e.g., ͓1͔. E1 transitions at low energies are significantly modified by the mixture of the elementary p-h excitations with more complex configurations ͓2,3͔. An example, which recently attracted considerable interest, is the transitions to the 1 Ϫ members of the multiplet resulting from the coupling of collective quadrupole and octupole phonons in spherical nuclei ͓4-9͔. The delicate interplay of one-͑GDR͒ and twophonon modes is especially pronounced at and below the particle thresholds. Knowledge of the electric dipole strength in this energy region is therefore an important aspect of nuclear structure whose quantitative description represents a challenge even to advanced models. Experimentally, in the investigation of the ␥-ray strength function in the energy region below the GDR, a ''bump'' in the ␥-ray spectra was observed in numerous heavy nuclei ͓10-15͔. This phenomenon is commonly referred to as ''pygmy'' resonance.
The electric dipole response provides a particularly sensitive probe of the structure of nuclei. Due to the repulsive nature of the particle-hole ͑p-h͒ interaction, the E1 strength is concentrated at high excitation energies of about 10Ϫ15 MeV forming the collective giant dipole resonance ͑GDR͒, see, e.g., ͓1͔. E1 transitions at low energies are significantly modified by the mixture of the elementary p-h excitations with more complex configurations ͓2,3͔. An example, which recently attracted considerable interest, is the transitions to the 1 Ϫ members of the multiplet resulting from the coupling of collective quadrupole and octupole phonons in spherical nuclei ͓4-9͔. The delicate interplay of one-͑GDR͒ and twophonon modes is especially pronounced at and below the particle thresholds. Knowledge of the electric dipole strength in this energy region is therefore an important aspect of nuclear structure whose quantitative description represents a challenge even to advanced models. Experimentally, in the investigation of the ␥-ray strength function in the energy region below the GDR, a ''bump'' in the ␥-ray spectra was observed in numerous heavy nuclei ͓10-15͔. This phenomenon is commonly referred to as ''pygmy'' resonance.
One experimental method especially well suited to studying dipole excitations with good energy resolution and yielding model independent strength and parity information is nuclear resonance fluorescence ͑NRF͒; for a detailed review see Ref. ͓16͔ . With the advent of the latest generation of high-efficiency compound germanium detectors such as the Euroball Cluster detector ͓17͔, the experimental sensitivity has increased significantly ͓18͔ and the strength and polarization even of weak transitions can be determined with reasonable accuracy.
The purpose of this Rapid Communication is to report on a NRF experiment performed on the semimagic Nϭ82 isotope 138 Ba at the superconducting Darmstadt electron linear accelerator S-DALINAC using two composite Cluster detectors. One of them served as a Compton polarimeter in order to determine the parities of the excited levels. A significant amount of E1 strength as well as a candidate for a strong M 1 excitation were found between 5 MeV and the photon end-point energy of 6.7 MeV.
Bremsstrahlung photons were produced in an air-cooled tantalum radiator target and were guided through a 60 cm long lead collimator. The photon scattering target consisted of 3011 mg 99.4% enriched 138 Ba sandwiched between boron ͑627 mg͒ and aluminum ͑338 mg͒ calibration standards of natural composition. The scattered photons were observed by two Cluster detectors located under scattering angles of 94°and 132°. The Cluster detectors were encased in a lead fortress with an average wall thickness of 30 cm to shield them from the highly intense background radiation. Data were taken with the Cologne-Rossendorf FERA Analyzer system which allowed both Clusters to run at 10 kHz singles rate per segment.
The Cluster under 94°was used for measuring the sign of the linear polarization of the scattered ␥ rays in order to provide parity information on the excited resonance states. Previous experience with polarimetry in NRF experiments has shown that by choosing observation angles slightly larger than 90°the nonresonant background can be reduced significantly while retaining near maximum polarization sensitivity ͓19,20͔. The Cluster detector with its seven large volume Ge crystals has been proven to be an excellent Compton polarimeter ͓21,22͔. Although its segments are not arranged in the usual orthogonal way, numerical simulations ͓23͔ as well as experimental tests ͓21͔ have shown that the figure of merit for the Cluster's capability to measure polarizations can be even somewhat larger at high ␥-ray energies than that of orthogonal five-crystal arrangements ͓24͔ or segmented crystals ͓19͔, compensating for the loss of polariza-tion sensitivity by its large absolute efficiency. Coincidence spectra were analyzed between perpendicularly adjacent segments ͑labeled ͉͉) and diagonally adjacent segments ͑labeled \\ and //͒ with respect to the photon scattering plane. The coincidence asymmetry for the Cluster detector is defined ͓21͔ as
where I denotes the coincidence intensity in the coincidence group labeled by the subscript. Each coincidence group contains four detector pairs. Q and P denote the polarization sensitivity of the detector and the linear polarization of the incoming photon with respect to the chosen geometry, respectively. NRF experiments on nuclei with ground-state spin 0 ϩ lead to maximum polarization PϭϮ1 for resonantly scattered photons at 90 degrees according to the positive or negative parity of the resonance state. Therefore, already the sign of the measured asymmetry ⑀ uniquely determines the parity of the corresponding excited state. Figure 1 shows a single spectrum taken at 94°. We observed a total of 58 ground state transitions in 138 Ba. Spin quantum numbers were assigned from measured angular correlations. The photon scattering cross sections were measured model independently relative to the well known cross sections in the photon flux calibration standards 11 B and 27 Al. Effects from nuclear self absorption in the target were taken into account in the evaluation of the cross sections. From the photon scattering cross sections absolute excitation strengths were deduced. Table I summarizes the results except for weak transitions where the statistical uncertainty of the coincidence signal was too poor for an analysis of the asymmetry. Figure 2 presents the experimental coincidence asymmetries ͓cf. Eq. ͑1͔͒ for 138 Ba. Definite parity assignments are indicated by solid circles, tentative assignments by solid squares. The triangles represent the asymmetries of known E2 transitions. The open square corresponds to a calibration line which should show no asymmetry. The dashed curves represent the calibrated polarization sensitivity Q of the Cluster detector ͓21͔, which is extrapolated above 4.5 MeV. The criteria adopted for assigning parities from the measured asymmetries were as follows. A definite parity assignment was made if the asymmetry was within 1 of one of the calibration curves, while the other one was excluded by at least 2. A tentative assignment was made if the asymmetry was within 1 of one of the calibration curves, while the other one was excluded by about 1. No assignment was made in any other case. 
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The parity assignment can be checked for the strongest transitions in the spectra. The state at 4025 keV decays by a known E1 transition ͓25͔. A further check on the quality of the asymmetry data is given by the 11 B calibration lines, which should be unpolarized due to the half integer spin values in the odd-mass nucleus. Indeed, the calibration point at 5019 keV in Fig. 2 shows no experimental asymmetry. The two strongest transitions above 5 MeV at 5511 keV and 5644 keV show E1 and tentative M 1 character, respectively, in agreement with the calibration curves. The negative and tentative positive parities of these Jϭ1 states were measured for the first time. We assigned two definite and eight tentative parities to the excited states of 138 Ba. Note that the analyzing power of the Compton effect for producing polarization decreases towards high energy, e.g., ͓19͔. Meaningful Compton polarimetry in NRF experiments on dipole excitations above 5 MeV is possible only with good statistics, which can be achieved with the highly efficient Cluster detector.
The E1 strength distribution is shown in the upper part of 
→2
1 ϩ E1 transition strengths between the octupole-and the quadrupole-phonon states ͓9͔. It is, therefore, of interest that we are able to identify the weak 1 Ϫ →2 1 ϩ decay in 138 Ba. Due to the high statistics achieved with the two-Cluster NRF spectrometer a small decay branching ratio of ⌫ 1 /⌫ 0 ϭ3.8(5)% was found. An earlier calculation in the framework of the QPM predicted ⌫ 1 /⌫ 0 ϭ1% for the two-phonon 1 Ϫ state in 138 Ba ͓27͔. The full calculation discussed below yields ⌫ 1 /⌫ 0 ϭ2.6%.
The significant improvement of the data on the E1 strength distribution in 138 Ba with respect to the previous tagged photon data taken on a barium target with natural isotopic abundance ͓28͔ is demonstrated in Figs. 3 and 4 . Structure in the elastic tagged photon scattering cross section ␥␥ (E) is hardly visible below 6 MeV ͑Fig. 4, top͒. This is in contrast to the new high resolution NRF data ͑Fig. 3, top͒, from which we obtain energy-integrated elastic photon scattering cross sections I s,0 (E x ) for each resolved resonance state at excitation energy E x in a model-independent way ͓16͔. In order to compare our data to the tagged photon results we determine averaged elastic scattering cross sections ␥␥ NRF (E)ϭ͓ ͚ E Eϩ⌬E I s,0 (E x )͔/⌬E ͑Fig. 4, bottom͒ from the measured individual cross sections I s,0 (E x ) in energy intervals ⌬Eϭ100 keV. The size of ⌬E is close to the energy resolution of the tagged photon experiment ͓28͔. The total elastic photon scattering cross sections between 4.7 MeV and 6.5 MeV derived from both experiments ͑tagged photon: 55 m barn; NRF: 71 m barn͒ agree within 25%. Thus, the main part of the tagged photon cross sections in 
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from transitions below our NRF detection limit are small.
The observed E1 strength is concentrated between 5 MeV and the end-point energy at 6.7 MeV. Above 6 MeV the extrapolation of the photon flux calibration becomes less reliable resulting in larger and asymmetric uncertainties for the observed strengths given in Table I . The observed E1 strengths exceed predictions based on the extrapolation of the GDR towards lower energies ͓18,29͔. A local concentration of E1 strength on the tail of the GDR has been observed experimentally in numerous heavy nuclei ͓10-15͔. A variety of theoretical approaches has been put forward to explain this phenomenon. Iachello proposed an interpretation in terms of local breaking of the isospin symmetry ͓30͔, which can be extended to the energy regime studied here ͓31͔. It has also been viewed as a vibration of a neutron excess relative to an isospin-saturated core, using density functional theory ͓32͔. RPA calculations with different levels of sophistication also reproduce the local clustering of E1 strength, but with somewhat differing conclusions on the underlying particle-hole structure ͓33-36͔.
However, none of the above approaches attempts to describe the fine structure resolved here for the first time in 138 Ba. Therefore, the theoretical interpretation focuses on QPM calculations including complex configurations up to the coupling of three phonons, which have been highly successful in the description of the E1 response near particle threshold in spherical nuclei ͓14,15͔. Free parameters of the interaction were fixed to reproduce the energies and strengths of the lowest collective vibrations ͑for details see ͓14,15͔͒. It is worth noting that the GDR is fully included in the model space. So, no renormalization of effective charges has to be introduced ͓37͔ in the E1 operator in order to obtain a good fit to the data. We use e eff p(n) ϭN(ϪZ)/A e, respectively, to separate the center-of-mass motion.
The resulting E1 strength distribution is displayed in the bottom part of Fig. 3 . The transition to the two-phonon state at 4 MeV is very well reproduced quantitatively when allowing for a destructive interference between the main (2 1 ϩ 3 1 Ϫ ) component and a small one-phonon admixture ͓3͔, similar to what was found for 140 Ce ͓14͔ and Sn isotopes ͓8,38͔. The main body of the E1 strength is also well reproduced although a one-to-one correspondence is beyond the scope of the model. Similar to the findings in the 140 Ce isotone, the distribution is sensitive to the interplay of one-and two-phonon contributions, which lead to an enhancement in the region around E x Ϸ6 MeV. The inclusion of threephonon configurations turns out to be essential for a realistic description of details of electromagnetic strength distributions even at low excitation energies ͑for another recent example, see ͓39͔͒. The QPM results suggest the presence of significant additional E1 strength just above the energy interval studied here. Thus, an extension of the experiments towards higher energies would permit an important test of the model predictions.
Finally, we comment on the surprising result of a prominent excitation at 5644 keV with tentative M 1 character suggested from the polarization analysis. Its strength corresponds to B(M 1) ↑ϭ2.52(16) N 2 , which is in fact one of the largest B(M 1) values observed in heavy nuclei. A possible explanation is an ''isoscalar'' nature in analogy to similar findings in 206, 208 Pb ͓40,41͔. It may result from a mixing of the proton and neutron p-h states with high angular momentum, which in a simple two-state model leads by constructive interference to the isovector spin-flip resonance and by destructive interference to an isoscalar transition pushed to lower energies. One should be aware, however, that in a nucleus with significant neutron excess these two modes will be considerably mixed ͓42͔. The nature of these transitions has been found to depend sensitively on mixing outside the major shell, i.e., on the tensor part of the NN interaction. Thus, further confirmation of the magnetic nature of the transition and its unusual strength, e.g., by high-resolution 180°e lectron scattering ͓43͔ would be of high interest. To summarize, a photon scattering experiment on 138 Ba has been carried out using a setup with two Euroball Cluster detectors yielding high resolution data on dipole excitations in 138 Ba below 6.5 MeV. One of the Clusters was used as a nonorthogonal Compton polarimeter allowing the determination of parities for several states. A concentration of E1 strength riding on the low-energy tail of the GDR is observed. The experimental strength distribution is reproduced well by a QPM calculation including configurations up to the coupling of three phonons. The unexpected observation of a strong transition with likely M 1 character underlines the importance of state-by-state parity measurements for dipole excitations in this energy region. It would be of considerable interest to extend our knowledge on the fine structure of the electric dipole response towards higher excitation energies. Recent technical improvements of the photon scattering facility at the S-DALINAC ͓44͔ open the way for such studies up to excitation energies of about 10 MeV.
